Members of the Transforming Growth factor beta (TGF-β) superfamily of cell signalling polypeptides are known to play important roles in cell proliferation and differentiation during development and in various physiological processes of most animal clades. Recent findings in the mollusc Crassostrea gigas demonstrate the occurrence of a diversity of TGF-β signalling components including various ligands, three type I receptors but only a single type II receptor. This report describes the characterization of Cg-ActRII, a new type II receptor displaying homology with vertebrate and Drosophila Activin type II receptors. The use of zebrafish embryo as a reporter organism revealed that, in a way similar to its zebrafish counterpart, overexpression of Cg-ActRII or its dominant negative acting truncated form resulted in a dose dependent range of dorsoventral defects coupled with anterior disorders. Expression pattern of Cg-ActRII transcripts examined by real time PCR and in situ PCR in C. gigas showed high levels of Cg-ActRII transcripts in early embryonic stages and in the developing larval central nervous system. Except for a high expression in the visceral ganglia, most oyster adult tissues displayed rather low levels of transcripts. Altogether, the data suggest a high degree of conservation at both the structural and functional levels during evolution for this class of receptors.
Introduction
Molecules of the Transforming growth factor β (TGF-β) superfamily regulate various cellular and physiological processes such as cell proliferation, differentiation or early embryonic development (Driever, 1995; Ashcroft, 1999; Herpin et al., 2004; Clarke and Liu, 2008) . Members of this superfamily transmit signal through heterodimeric complexes of type I and type II serine threonine/kinase receptors (Ten Dijke et al., 1996) . Binding of dimeric ligands to two type II receptors leads to the formation of a heterotetracomplex in which two type II receptors transphosphorylate the juxtamembrane GS (Glycine / Serine tandem repeat) domain of two type I receptors. Activated type I receptors in turn phosphorylate specific receptor substrates (SMADs) (Derynck, 1994) , organized in multisubunit complexes that move into the nucleus to regulate transcription of target genes (Massague and Wotton, 2000) . Based on the class of ligand they bind or transduce, both type II and type I receptors are divided into three main categories: BMP (Bone morphogenetic protein), Activin and TGF- receptors.
Due to the wealth of genetic data available, the components of the TGF- superfamily are well known in the deuterostome and the ecdysozoan clades. In contrast, information is less consistent in lophotrochozoans, the third clade of bilaterian animals (Adoutte et al., 2000) .
However in this later clade, an extensive study in the oyster Crassostrea gigas has led to the characterization of most categories of ligands, BMP-like ligands (Lelong et al., 2000; Herpin et al., 2004; Fleury et al., 2008) , TGF--related ligands and Activins (unpublished results) involved in physiological processes similar to those of their vertebrate and ecdysozoan counterparts. To signal such a diversity of ligands, in Lophotrochozoans three type I receptors of each category have been identified (Herpin et al., 2002; Herpin et al., 2005a; Herpin et al., 2005b) but only a single BMP type II receptor. This later receptor however displays a quite exotic structure with two extracellular domains having the ability to interfere independently with BMP and activin ligand induced pathways respectively (Herpin et al., 2005a) . Thus the possibility was suggested that this unique pleiotropic and promiscuous type II receptor constitutes a shared interface for both BMP and activin pathways.
Nevertheless, in line with the situation met in deuterostomes and ecdysozoans, additional type II receptors might be required for fine-tuning the biological responses of the target cells to an already significant repertoire of ligands characterized in oyster.
In this paper we have identified of a new Activin type II receptor from the oyster Crassostrea gigas and have investigated its expression pattern in adult tissues and in developmental stages. To overcome technical limitations relative to our model for assessing its functionality, we have examined the ability of this receptor to interfere with the zebrafish TGF-β pathway by injecting oyster wild type or truncated receptors in zebrafish embryos.
Materials and methods

Animals
Adult oysters Crassostrea gigas were purchased from a local oyster farm (Normandie, France). For analysis of gene expression in adult tissues, mantle, mantle edge, gills, digestive gland, quick muscle of the Posterior Adductor Muscle (PAM), catch muscle of the PAM, atrium (heart), ventricle (heart), haemocytes, labial palps, visceral ganglia were dissected from these oysters and pools of 6 oysters (4 pools for each tissue) were prepared for total RNA extraction. For gonad, reproductive stage and sex were histologically determined: stage 0 (sexual resting stage), male and female stage I (gonial multiplication stage), male and female stage II (tubule development and maturation stage) and male and female stage III (sexual maturity) (Rodet et al., 2005) . Embryos and larval stages were produced at the IFREMER shellfish laboratory of Argenton (France) following the procedure described in (Fabioux et al., 2004) .
Cloning of an Activin type II receptor cDNA from C. gigas
A full-length sequence of Cg-Act RII was obtained by extending a single EST of 1319 bp (AM855334) of Crassostrea gigas obtained in the frame of a "Marine Genomics Europe" program (Tanguy et al., 2008) . This extension was realized by 5'-and 3'-RACE using Marathon cDNA amplification kit (Clontech). Doubled stranded cDNA from oyster mantle edge was ligated to adaptors and 25 ng of this template was used to PCR amplify 5'-and 3'-RACE fragments using adaptor specific primers and gene specific primers deduced from the initial 826 bp EST. Recovered fragments were gel-extracted (QIAquick ® Gel Extraction Kit, Qiagen), sub-cloned with a TOPO-TA cloning ® kit (Invitrogen) and then sequenced. To check the actual contiguity of 3' and 5' RACE fragments and to generate a single fragment, PCR was then performed with most 5' and 3' specific primers using the proofreading DNA polymerase Pfu (Promega) and the recovered fragment was sequenced again.
Phylogenetic analysis
For phylogenetic analyses, TGF- superfamily receptor protein sequences were chosen to represent a range of type I and type II superfamily members from each main clades of bilaterian animals. The sequences were aligned using Clustal W (Thompson et al., 1994) and by manual inspection. From these alignments, distance based phylogenetic trees were constructed using the neighbour joining method of the Phylip package with one thousand bootstrap trials for each node.
Real time RT-PCR
Real time RT-PCR analysis was performed using the iCycler iQ© apparatus (Bio-Rad). Total RNA was isolated from embryos, larvae and adult tissues using Tri-Reagent (Sigma-Aldrich) according to the manufacturer's instructions. Recovered RNA was then further purified on Nucleospin RNAII columns (Macherey-Nagel). After treatment during 20 min. at 37°C with 1U of DNase I (Sigma) to prevent genomic DNA contamination, 1µg of total RNA was reverse transcribed using 1 µg of random hexanucleotidic primers (Promega), 0. .
Zebrafish maintenance and preparation of eggs
TAB zebrafish were raised and maintained on a light/dark cycle essentially as described by Westerfield (Westerfield, 1989) . Synchronised eggs were obtained by mixing previously separated female and male fish at a ratio of 2:1. Eggs were then collected as described by Culp et al. (1991) . Self-digested Pronase E (Sigma) at 0.5 mg/mL was used to remove the egg chorion. The reaction was stopped by removing the enzyme and then transferring the eggs into Holtfreter's solution (85 mM NaCl, 1 mM KCl, 1 mM CaCl 2 and 3.5 mM NaHCO 3 ) and rinsing.
Microinjections
Initially, a full length cDNA encoding Cg-ActRII was subcloned into the plasmid pRN3 (Lemaire et al., 1995 
Whole-mount in situ hybridizations
Anti-sense probes were transcribed in vitro and labelled using digoxigenin-labelled UTP (Roche). The anteroaxial goosecoid (gsc) mesodermal marker (Thisse et al., 1994) , and the ventrolateral tbx6 mesodermal marker (Hug et al., 1997) were used as probes. Whole-mount staining of embryos was performed as described by Rissi et al. (Rissi et al., 1995) .
Whole mount in situ RT-PCR on oyster embryos and larvae
Embryos and larvae were fixed in MEMPFA-T buffer (0.1 MOPS pH 7.4; 2mM EGTA; 1mM (Fig.1) . The intracellular region was well conserved and showed about 56.3% identity (79% similarity) with human Activin type IIB receptor (Ishikawa et al., 1998) , 55.6% (75% Similarity) with zebrafish Activin type IIB receptor (Garg et al., 1999) and 50.6% identity (72% similarity) with its Drosophila orthologue Punt (Ruberte et al., 1995) . In contrast, the extracellular domain displayed a moderate amino acid sequence identity of around 30% with Drosophila and vertebrate type II Activin receptors but contained 8 predictably spaced cysteine residues, four of which forming a characteristic CCCX 4 C knot near the transmembrane region (Wrana et al., 1994) . Despite sequence variability, the conserved spacing of all cysteines probably helps in maintaining a conserved tridimensional structure required for ligand binding. As demonstrated for vertebrate receptors, fine specificity of ligand binding of Cg-ActRII is probably determined by discreet residues in the extracellular domain but also likely depends of the category of type I receptor with which it interacts (Yamashita et al., 1995) . Since Drosophila Punt, with only 20% sequence identity with its mammalian orthologue, binds human Activin with high affinity and specificity (Childs et al., 1993) we might expect Cg-ActRII to bind the oyster orthologue of Activin.
However, the ability of Cg-ActRII to bind different oyster TGF- superfamily ligands especially in a vivo context cannot be excluded.
3.2. Cg-ActRII: the missing type II receptor in C. gigas A phylogenetic tree was generated using the complete inferred protein sequence of Cg-ActRII together with members of type I and type II TGF- superfamily receptors from both protostomes and deuterostomes (Fig. 2) (Herpin et al., 2004) , the lophotrochozoan Crassostrea gigas harbours the typical assortment of TGF-beta superfamily receptors with the three family type I receptors and the BMP and Activin type II receptors shared by each bilaterian animal clade.
Cg-ActRII is functionally active in zebrafish embryos and likely transduces a dorsalizing signal
To determine if Cg-ActRII was capable of functioning in a way similar to its vertebrate orthologues, capped mRNAs encoding Cg-ActRII were injected into newly fertilized zebrafish embryos. Specifically, we wished to determine if expression of this molecule was able to perturb the Activin ligand-receptor pathway during embryogenesis. Expression of the full length Cg-ActRII in this reporter system resulted in a dose dependent range of dorsoventral defects of embryos (Fig. 3A & B) including uncoordinated embryos for the highest doses (Fig 3A: D3 phenotype) and a range of dorsalized embryos caused by medium and low doses of Cg-ActRII encoding mRNA (Fig 3A: D1-D2 phenotypes). Some embryos showed defects in somite formation (Fig. 3C ). Expression of a truncated version of CgActRII, (DN-Cg-ActRII), in agreement with its credible dominant negative activity likely due to its capacity to subtract endogenous ligands, resulted in a concentration dependent increase in the severity of ventralized phenotypes (Fig. 3A & B) . In addition, a noticeable fraction of the DN-Cg-ActRII injected embryos (10% for 25ng/µL) displayed fused eyes phenotype (Fig.3C 3-4) coupled with anterior defects. Though these later phenotypes are reminiscent of disruption of Nodal (Aoki et al., 2002; Mathieu et al., 2004) or Activin (Thomsen et al., 1990) signalling, most phenotypes were very similar to those obtained following overexpression of zebrafish activin type IIB receptor (Dr-ActRIIB) (Nagaso et al., 1999) supporting the idea that Cg-ActRII is actually functional in zebrafish in a way similar to its fish orthologue and would mediate the same endogenous ligands as Dr-ActRIIB. To correlate defective gastrulation with these phenotypes, whole mount in situ hybridization of embryos at 80% epiboly was achieved using two mesodermal markers, the anteroaxial /dorsal gsc mesodermal marker (Thisse et al., 1994) and the tbx6 ventrolateral marker (Hug et al., 1997) (Fig. 3D ).
Compared to uninjected control embryos, expression of Cg-ActRII resulted in a consistent expansion in gsc expression at the gastrula stage (Fig. 3D) . Additionally dorsal expression of tbx6 was also strongly enhanced and appeared in some cases to cover most of the embryo (Fig. 3D) . Accordingly, DN-Cg-ActRII injected embryos exhibited a reduced Tbx6 expression in their dorsal part whereas Gsc was slightly reduced when compared to wild type embryos. Induction of gsc marker was rational with the dorsalized phenotypes recovered and was congruent with previous results obtained either with Dr-ActRIIB or other ectopically expressed oyster TGF- superfamilly components such as the Cg-TGF-sfRII, an exotic BMP/activin type II receptor harbouring two extracellular binding domains (Herpin et al., 2005a) . With respects to Tbx6 expression, Cg-ActRII behave to some extent as most oyster ventralizing BMP-like signalling components, the oyster BMP type I receptor (Cg-BMPR1) (Herpin et al., 2005a ) and a Tolloid homologue (Herpin et al., 2007 (Brummel et al., 1999) . Because oyster Cg-TRI induces a similar pattern as CgActRII on the expression of the mesodermal markers gsc and tbx6 in zebrafish (Herpin et al., 2005b) , the possibility that Cg-TRI is one of the receptor partners of Cg-ActRII can be reasonably anticipated.
Cg-ActRII is highly expressed in nervous tissues during development and in adults
To gain insight into possible physiological roles of Cg-ActRII, determination of tissue distribution and temporal pattern of expression during development was performed by real time RT-PCR (Fig. 4) . Cg-ActRII transcript expression was high in unfertilized oocytes (0.015 copy/copy of EF, significantly dropped during the first embryonic stages (down to 0.001copy / copy of EF) and subsequently raised at the blastula and gastrula stages (up to a mean of 0.03copy / copy of EF, probably as a result of general transcription recovery. Both maternal and early embryonic expression might be required for signalling gradients of both BMP and Activin-related ligands known to pattern the body axes in both vertebrates and Drosophila (Frisch and Wright, 1998; Nagaso et al., 1999) . In comparison to early embryonic stages, most larval stages of development displayed a rather moderate expression level (around 0.002copy / copy of Elf. Whole mount in situ hybridization showed a rather uniform distribution of Cg-ActRII transcripts in the various embryonic stages tested. For larval stages, especially in the trochophore larvae, three spots of high expression corresponding to the larval nervous ganglia clearly emerged from a faint and uniform signal covering the entire larvae (Fig. 5) . Among adult tissues, Cg-ActRII showed a ubiquitous expression though restrained in intensity except for visceral ganglia whose significant CgActRII expression was above five times the basal level found in other tissues. The spatial and temporal broad and basal level of Cg-ActRII transcript expression suggests this receptor likely plays multiple roles during development. However, specific focal expression of CgActRII in oyster larval and adult nervous system is evocative of the situation found in Drosophila where an Activin signalling pathway involving Activin-like ligands, the receptors Punt and Baboon, controls axon guidance during embryogenesis (Parker et al., 2006) , morphogenesis of adult specific neurons (Zheng et al., 2006) and regulates neuroblast numbers and proliferation rates in the developing larval brain (Zhu et al., 2008) . In other respects, the discrete levels of Cg-ActRII expression in male and female gonads, whatever the sex and the reproductive stage, suggest a possible involvement of an Activin signalling pathway for regulating some aspects of gonad development and reproductive processes in oyster as described in mammals (de Kretser et al., 2002) . Another possibility is that CgActRII, in partnership with an oyster type I receptor, mediates og-TGF-β-like, an oyster gonad-specific transforming growth factor- superfamily member presumed to play a regulatory role in the differentiation and maturation of germ cells (Fleury et al., 2008) .
Conclusions
1. We report the characterization of Cg-ActRII, the first activin type II receptor from a Lophotrochozoan.
2. This receptor is actually functional in zebrafish embryos and appears to mediate the same endogenous ligands as its zebrafish orthologue.
3. The pattern of expression of Cg-ActRII transcripts reveals that this receptor, like its vertebrate and Drosophila counterparts, probably plays a key role in cell fate determination during early development and in larvae and adult nervous system.
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